During the past several decades, numerous reservoirs have been built across the world for a variety of purposes such as flood control, irrigation, municipal/industrial water supplies, and hydropower generation. Consequently, the timing and magnitude of natural streamflow have been altered significantly by reservoir operations. In addition, the hydrological cycle is also modified by land-use/land-cover change and by climate change. To understand the fine-scale feedback between hydrological processes and water management decisions, a distributed hydrological model embedded with a reservoir component is desired. In this study, a multi-purpose reservoir module with predefined complex operational rules was integrated into the Distributed Hydrology Soil Vegetation Model (DHSVM). Conditional operating rules, which are designed to reduce flood risk and enhance water supply reliability, were adopted in this module. The performance of the integrated model was tested over the upper Brazos River Basin in Texas, where two U.S. Army Corps of Engineers managed reservoirs, Lake Whitney and Aquilla Lake, are located. The integrated model was calibrated and validated using observed reservoir inflow, outflow, and storage data. The error statistics were summarized for both reservoirs on a daily, weekly, and monthly basis. Using the weekly reservoir storage for Lake Whitney as an example, the coefficient of determination (R 2 ) was 0.85 and the Nash-Sutcliff Efficiency (NSE) was 0.75. These results suggest that this reservoir module holds promise for use in sub-monthly hydrological simulations. With the new reservoir component, the DHSVM provides a platform to support adaptive water resources management under the impacts of evolving anthropogenic activities and substantial environmental changes.
Integrating a reservoir regulation scheme into a spatially distributed hydrological model 
Introduction
To maximize the benefits from limited freshwater resources, and to mitigate flood risks, numerous reservoirs have been constructed during the past several decades throughout the world. According to Chao et al. (2008) , the volume of global accumulative water impounded by reservoirs on land has risen from about 10 0 0 km 3 in 1950 to 11,0 0 0 km 3 in 20 07, which is equivalent to an extra 30 mm of global sea level. Throughout the world, there are from reservoirs is considerably large ( Gallego-Elvira et al., 2010; Gökbulak and Özhan, 2006 ) . These alterations increase the complexity involved with understanding the hydrological cycle.
Most reservoirs have the capability of storing water for supply purposes, mitigating floods, and/or generating energy for sustaining human societies. Of the 600 largest global reservoirs (with an integrated capacity of 5268 km 3 ), irrigation and/or municipal use is the main or secondary purpose for 274 reservoirs, and hydropower is the main or secondary purpose for 447 reservoirs (statistics based on Lehner et al., (2011 ) ). Compared with extracting water directly from streams, a reservoir based water-supply system increases the supply reliability in most regions ( Moy et al., 1986 ) . However, global environmental/anthropogenic changessuch as climate change, land-cover/land-use change (LCLUC), and population growth-pose great challenges to the reservoir systems ( Vörösmarty et al., 20 0 0 ) . More variable precipitation, constantly increasing temperatures, and more frequent floods and droughts are all threatening the sustainability of water resource management ( Conway, 1996; Zhao et al., 2016 ) . Meanwhile, water demand is increasingly driven by a fast-growing population . To improve the adaptive capacity, more precise and spatially specific policies are needed to promote effective water use. Therefore, to better understand the intricacies of how the regulated hydrological cycle responds to complicated environmental changesand to support the policy-making process-accurate hydrological simulations with explicit reservoir components are essential.
Two types of models are generally used to represent reservoir flow regulation effects-rainfall-runoff models, and river/watershed management models. Rainfall-runoff models focus on representing the natural hydrological processes, while river/watershed management models concentrate more on Best Management Practices (BMPs) for water uses. Many rainfall-runoff models, including the Distributed Large Basin Runoff Model (DL-BRM) ( Croley and He, 2005 ) and the Regional Hydroclimate Model (RegHCM) ( Kavvas et al., 1998 ) , do not have a reservoir component. Hydrologic models with reservoir simulation capability include the Soil and Water Assessment Tool (SWAT) ( Arnold and Fohrer, 2005 ) , the Variable Infiltration Capacity (VIC) model ( Haddeland et al., 2006 ) , and global water resources model H08 ( Hanasaki et al., 2006 ) . However, the reservoir operating schemes employed by these models are generally based on monthly generic operating rules, which are simplified such that the applications are limited to representing seasonality and inter-annual variability. Subsequently, these models are not suitable for reproducing the timing sensitive sub-monthly operational flood control activities ( Voisin et al., 2013a ) . The role of reservoirs in the nexus of climate, energy, water, and food has been included in some recent integrated system modeling initiatives, such as the Platform for Regional Integrated Modeling and Analysis (PRIMA) ( Kraucunas et al., 2015 ) and BioEarth ( Adam et al., 2014 ) . These models are designed to help further understand geophysical processes and their interaction with human activities at regional to sub-regional scales (operating at a spatial modeling resolution of about 12 km), in order to support decision-making. In parallel with present effort s toward hyper-resolution (e.g. less than 500 m) hydrologic modeling ( Bader et al., 2014; Wood et al., 2011 ) , in this study we explore ways to incorporate reservoir operations at fine spatial and temporal scales-which will support hyper-resolution hydrologic modeling and decision-making for local policy makers at the scale of a specific utility, reservoir(s), or watershed.
River/watershed management models typically adopt operational node-based reservoir functions. Examples of these models are the Water Evaluation and Planning System (WEAP) ( Yates et al., 2005 ) , the Hydrologic River Operations Study System (HYDROSS) ( U.S. Bureau of Reclamation 1991 ), RiverWare ( Zagona et al., 2001 ), OASIS software ( HydroLogics Inc, 2007 ) , MODSIM ( Labadie and Larson, 2007 ) , and the Water Rights Analysis Package (WRAP) ( Wurbs, 2012 ) . Some management models use embedded optimization algorithms to identify operating rules (e.g., WRAP), while others use predefined rules to dictate reservoir operations (e.g., RiverWare and WEAP). The river routing is either coupled with the reservoir functions (e.g., WEAP) or is conducted offline (e.g., WRAP). Because the hydrological simulations are usually lumped and parametric, these models are not appropriate to analyze the interdependence between hydrological processes and water management practices. In light of the fast environmental changes and non-stationarity conditions (e.g. climate change and LCLUC) ( Milly et al., 2008 ) , realistic representation of watershed processes is needed for effective water management decisions.
To fill in the gap between the two types of models discussed above, we present a reservoir simulation module that uses conditional rules based on observed operational and more complex operating rules. The reservoir module is similar to the reservoir operations schemes of ColSim over the Columbia River Basin ( Hamlet and Lettenmaier, 1999 ) , the Central Valley Model (CVMod) ( VanRheenen et al., 2004 ) over California, and the Colorado River Reservoir Model ( Christensen et al., 2004 )-each of which are simplifications of applied complex offline reservoir operations management models. We integrate the reservoir module with a physically based distributed hydrologic model. More specifically, the new reservoir module is applicable to multiple reservoirs with multi-purpose flow regulations (such as hydropower water release and municipal/industrial/agricultural water supply). Although the model does not consider incoming flows over a future period, it is structured so that reservoirs share their status (storage) and conditional releases can be optimized. This new model builds upon the node-based reservoir models with complex operating rules, and adds flexibility in exploring new demand, new hydro-plants, and/or new operation rules. It also builds upon generic operating rules by being fully integrated with the hydrologic cycle. Together, the new model brings the application and decision-making capabilities from the monthly regional scale to the sub-monthly and sub-regional scales. These capabilities are crucial for understanding flow regulations in an environment that is changing in response to fine spatial and temporal resolution conditions, such as extreme climate events and LCLUC.
While the focus of this paper is mainly on the technical implementation of the integrated model, its application in a sub-basin of the Brazos River Basin is also presented. The integrated modeling framework and development of the reservoir module is first described in Section 2 . A case study using the model to simulate the effects of multi-purpose reservoirs is presented in Section 3 . Furthermore, sensitivity analyses (as described in Section 4 ) are conducted to evaluate how different designs of reservoir and input climate forcings will affect water storage and release.
Modeling approach

The distributed hydrology soil and vegetation model (DHSVM)
The DHSVM is an open source hydrological model that has the capability of simulating various land surface processes ( Fig. 1 a, b ) ( Wigmosta et al., 1994 ) . It is physically based and supports high spatial and temporal resolution simulations. This model employs full water-energy balance to calculate the water partitioning within each grid cell. Specifically, the Penman-Monteith equation is used to calculate evapotranspiration (ET) from both over-story and under-story vegetation. Surface runoff and baseflow from each grid cell are first accumulated to the streams, and then routed downstream according to a Digital Elevation Model (DEM)-based river network using the linear reservoir method. DHSVM has been Conceptual representation of DHSVM and the newly integrated multipurpose reservoir module, which includes: (a) topographically based basin discretization in DHSVM; (b) water movement for each grid cell; and (c) the newly integrated, multi-purpose reservoir with a flood control pool, a conservation pool, and an inactive pool. Panels (a) and (b) are modified according to Wigmosta et al., (1994 ) . Blue points in (a) represent the point reservoirs that can be simulated in the integrated model.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) successfully applied in many research fields, including climate change ( Battin et al., 2007 ) , urbanization ( Cuo et al., 20 08; 20 09 ) , sediment transportation ( Doten et al., 2006 ) , glacier dynamics ( Naz et al., 2014 ) , stream temperature, and water quality simulations ( Sun et al., 2015 ) .
As a hyper-resolution model, DHSVM has the capability of simulating fast hydrologic responses (e.g., flash flood), especially over domains which are highly spatially heterogeneous. Additionally, this spatially distributed and physically-based model can be used for investigating hydrologic impacts from changing environmental conditions such as climate change and LCLUC. It should be noted that DHSVM can explicitly simulate the effects of urbanization on the hydrological regime because of its capability to represent impervious land cover and detention ponds ( Cuo et al., 2008 ) .
However, because existing versions of DHSVM can only simulate naturalized flow, the advantages of DHSVM have been greatly hindered when applied in regions where flow regulation is significant. To overcome this model limitation and leverage the model's strengths, a reservoir module was developed and fully integrated into DHSVM in this study. We expect the DHSVM-reservoir model to be used for predicting water availability over regions with notable environmental changes, and/or over regions with flood control operations which require a dynamic response.
Reservoir module
To maximize the functionality of reservoirs, most water management agencies divide their reservoirs into several pools. This approach has been well adopted worldwide, such as by the United States Army Corps of Engineers (USACE) ( Wurbs, 1996 ) , the China Ministry of Water Resources ( http://www.mwr.gov.cn/ ), and the Central Water Commission of India ( http://www.cwc.gov.in/ ). As illustrated in Fig. 1 c, each pool is designated with a specific service objective. The surcharge pool is the part of the reservoir that is above the spillway crest. The flood control pool is right below the surcharge pool, and is regulated to reduce the regional flood risk. Regular water supply-such as that for agricultural, municipal, and industrial use-is provided from the conservation pool, which is below the flood control pool. If hydropower facilities are connected to the reservoir, the conservation pool will also be responsible for providing water to the turbines. Because inflow varies by season, it is a common practice that the top of the conservation pool is adjusted accordingly by the reservoir managers. The inactive pool (i.e., "dead storage") is the bottom portion of a reservoir that is retained to support several functionalities, such as sediment containment and ecosystem protection. In general, the top of the conservation pool is considered the optimal water level. If the current storage is maintained at this optimal level, the reservoir will have enough space to store possible incoming floodwater from upstream-and will also be able to release enough water (from the conservation pool) for various water uses.
Reservoir bathymetric information is important for assigning the pools. Generally, the storage-area and storage-elevation relationships can be depicted by tabular data, linear equations, or some non-linear equations that can better fit the observations. In this module, we defined the default option for these relationships using two exponential functions ( Eqs. 1 and 2 ).
where A, H , and S are the reservoir surface area (m 2 ), the water elevation (m), and the storage (m 3 ) values, respectively; and α A , β A , γ A and α H , β H , γ H are the coefficients for the storage-area and storage-elevation relationships. These coefficients can be obtained by regression. The two equations can represent a wide range of relationships including convex ( β > 1), concave ( β < 1), or linear ( β = 1) relationships. Furthermore, users have the option to characterize the bathymetry using other equations (e.g. quadratic). This is a user-defined parameterization which is specifically included for hyper-resolution modeling (and differs from large scale integrated hydrology-reservoir models, which usually provide a default shape ( Fekete et al., 2010; Liu et al., 2016 ) ). Using the reservoir characteristics described above, a point reservoir module was developed and coupled to DHSVM. While the reservoir evaporation loss is calculated based on water surface area, the use of a point reservoir implies that the storage is not distributed over multiple grid cells but is to be managed for releases. Point reservoirs are assigned to their actual dam locations, and are jointly managed throughout the basin using conditional operating rules. There can be only one point reservoir per grid cell, andin the case of DHSVM-one reservoir per river segment. Given the hyper-fine spatiotemporal resolution of DHSVM, the river routing was constructed using river segments that can encompass multiple grid cells for computational stability ( Wigmosta et al., 1994 ) . Forced by upstream inflow and local precipitation, outflow and storage values at each reservoir in the basin are calculated based on the release scheme and the mass balance. Fig. 2 shows the schematic of the reservoir module and its integration into DHSVM. At each DHSVM time step, the reservoir simulation involves three components: the reservoir storage evaporation scheme, the release scheme, and the reservoir storage balance calculation.
Evaporation scheme
Evaporation losses from open water can be considerably large, especially in arid and semi-arid regions. In this study, we used the Penman Equation ( Eq. 3 ) ( Penman, 1948 ) to estimate the open water evaporation from a given reservoir:
where E o t is the open water evaporation rate (kg/m 2 /s) at time t; m is the slope of the saturation vapor pressure curve (Pa/K); R n is the net radiation (W/m 2 ); ρ a is the air density (kg/m 3 ); c p is the heat capacity of air (J/kg/K); δe is the vapor pressure deficit (Pa); g a is the surface aerodynamic conductance (m/s); λ v is the latent heat of vaporization (J/kg); and γ is a psychometric constant (Pa/K). Although λ v depends on water temperature, we used air temperature as a substitute by assuming that surface water and surface air are in a state of temperature equilibrium, without considering the thermal stratification within the water. All of the inputs are readily available from DHSVM forcings, or are computed by DHSVM. The calculated reservoir evaporation, E o t , is then used in the reservoir storage water balance computations (as discussed below in the Section 2.2.3 ).
Release scheme
In the reservoir module, the water released at time t, Q out t (m 3 /time step), is calculated as a function of several factors (such as upstream flow conditions, current storage values, downstream flow conditions, and water demand) using Eq. 4 :
where H I , H C , H F , S I , S C , and S F are the elevation and corresponding storage values at the top of the inactive, conservation, and flood control pools, respectively (m and m 3 ). H t and S t are the real-time elevation and storage values (m and m 3 ). U w is the water demand (m 3 /time step), which includes multi-sectoral demand and environmental flow, and α is the flooding condition multiplier (which is equal to 1 when the inflow is not flood inflow, and is greater than 1 when the inflow is flood inflow). The threshold for determining flood inflow is a user-defined parameter, Q in f . r is the discharge coefficient (m 2 /time step), which is an empirical parameter associated with the dam structure. Q d _ max and Q d are the maximum acceptable streamflow and the current streamflow at downstream control points (m 3 /time step), and t is the modeling time step (e.g., 24 hours). As described in Eq. 4 , if the real time water level in the reservoir is less than that of the inactive pool ( H t ≤ H I ), water release will not be allowed. If the water level is greater than that of the inactive pool-but less than that of the conservation pool ( H I < H t ≤ H C )-water release will be allocated based on the water demand ( U w ). Water demand defined in the current module includes both consumptive and non-consumptive uses, including municipal, industrial, agricultural, environmental flow, and hydropower. If a reservoir is used to simultaneously meet both the hydropower generation purposes and any of the other three water supply needs, water first goes through the turbines to generate electricity as long as the release does not exceed turbine capacity. Otherwise, the excess water is released through the spillway (see Appendix A for the calculation of hydropower).
In this reservoir module, water demand ( U w ) can be either prescribed or calibrated, depending on data availability. If water demand information of a specific reservoir is well documented and accessible at the modeled time step (e.g., daily), the time series data can be used directly as the reservoir module input. However, this does not apply to most of the reservoirs. To solve this problem, we provided an empirical monthly water-demand option in this module. The monthly water demand data can be either acquired from existing sources (e.g., technical reports, water-use surveys, and/or limited observations) or estimated through calibration (when information is unavailable or only partially available). The monthly data is then partitioned evenly into water demand for each modeling time step. At a global or continental scale, water demand information for each reservoir is typically derived by associating spatially distributed estimates of demand with the nearest reservoirs. This is based on a grid cell's location with respect to the reservoir (elevation, distance from downstream impounded channel) and the reservoir's capacity ( Haddeland et al., 2006; Hanasaki et al., 2006 ) . However, the derivation of the demand can be a source of significant uncertainty in reservoir operations ( Biemans et al., 2011; Voisin et al., 2013a; .
When the water level in the reservoir is greater than that of the conservation pool-but less than that of the flood control pool ( H C < H t ≤ H F )-water is evacuated as soon as practical to protect the dam. However, this release cannot exceed the maximum flow capacity of the downstream river channels ( Q d _ max ). If the downstream flow is less than the channel capacity ( Q d ≤ Q d _ max ), the water release rate is calculated based on the difference in elevation between the current water level and that of the conservation pool ( Eq. 4 ). When the upstream river basin is flooded, the flood control pool is evacuated and the flooding condition multiplier α is assigned a value greater than 1. The parameter α was first introduced by Lund and Ferreira ( Lund and Ferreira, 1996 ) to prevent the dam from being overtopped by floods. If α is not provided for a given reservoir, users can either assign it based on experience or calibrate it against downstream flows. According to Eq. 4 , if a flood event is detected downstream (
, all of the reservoir gates are closed immediately-and they will remain closed until the downstream flow is under the channel capacity. Finally, in this reservoir module, when a severe flood event causes the flood control pool to be overtopped ( H F < H t ), the reservoir will release all of the water that exceeds its flood control capacity.
For a multi-reservoir system, water needs to be held in upstream reservoirs as much as possible to increase the flexibility of supplying water to downstream users. To implement this, our reservoir module is designed as follows: For each reservoir in the system, its water supply is first used to meet the demands (i.e., hydropower, municipal, agricultural) located in the immediate downstream river reach (but not downstream of any other reservoirs). If extra water is still available after meeting such demands, then the extra water can be allocated to reservoirs further downstream which cannot meet their own local demands (i.e., the demands from their immediate downstream river reaches). Similarly, if a given reservoir does not have enough water to meet local demands, then water will be extracted from upstream reservoirs. Thus, in this model there are multiple options for satisfying the demands of a multi-reservoir system. This process is consistent with other approaches used in coupled hydrology-routing-reservoir models ( Hanasaki et al., 2006 ) , which also use generic operating rules. In this case study, parameters associated with reservoir operating rules were calibrated (see Section 4.1 ) by adjusting the releases to provide downstream reservoirs with the supplies they need to satisfy their own local demands. For a complicated system, optimization is an option to achieve specific objectives (e.g., highest economic outcome). The rule of holding water in upstream reservoirs is also applicable to flood conditions. The release from an upstream reservoir needs to be stopped if its adjacent downstream reservoir is crested. However, if the upstream reservoir water level is above the flood control pool, water will be released. In large-scale integrated hydrologic modeling, the caveat for generic reservoir operating rules is that they do not allow for joint management among reservoirs ( Hanasaki et al., 2006 ) . However, basin-specific case studies, which provide more information about joint management practices, allow for simulations of joint operating rules among reservoirs (e.g., for flood control) ( Mateo et al., 2014 ) . Offline optimization of reservoir operations is also possible in large-scale modeling, although it increases the computational burden-and still results in a simplified regulation system in which only major reservoirs are represented ( Haddeland et al., 2006; Zhou et al., 2016 ) . In operational basin-scale reservoir management, multiple sets of optimized seasonal to inter-annual operating rule curves are available-and the selection of the optimum set is based on a projection of seasonal inflow into the reservoir. This insight is usually available when the reservoir model is run offline of the hydrology model, with a time series of naturalized inflow into the upstream reservoir (and the contributing segments) provided. Because those reservoir models are offline, 2-way coupling and the representation of interdependencies (between the hydrology model and the river routing and reservoir models) are limited. In this study, we chose to better represent the above mentioned interdependencies (by implementing a reservoir module into the DHSVM hydrologic model), while using a compromised choice with regard to the optimum set of operating rules (e.g., the release decision has no insight on the future inflow). The implementation of this reservoir module within DHSVM (with fully coupled hydrology, river routing, and reservoir processes) is compatible with future applications involving the coordination of reservoirs through the optimization of the empiric release rules. However, the computational burden of the hydrology part remains, and therefore the future optimization of DHSVM reservoir operations will need to be accompanied by computational changes such as parallel processing.
Reservoir storage calculation
Considering the mass balance, Eq. 6 is used to represent the change in reservoir storage: sed is the sedimentation rate (m 3 /time step); and t is the time step.
Sedimentation, which is caused by the trap efficiency (TE) of the dams ( Brune, 1953 ) , is an important process within a given reservoir. It reduces the reservoir storage capacity by gradually accumulating the sediment from upstream inflows and from the surrounding areas. According to Mahmood (1987) , one percent of the total storage capacity in global reservoirs is filled by sediment every year. In this module, we introduced a sedimentation parameter to account for this impact ( sed ). A detailed description of the parameters used in this module is provided in Appendix A. Even though our reservoir module can also be integrated into other simpler and coarser (or even statistical) watershed models, the implementation is customized to the hyper-resolution hydrology model DHSVM for two reasons. First, although the difference between a simpler/coarser model and a fully distributed physically based model (e.g., DHSVM) may be very small for a relatively homogeneous large watershed at a low temporal resolution (e.g., monthly), a simpler model is unlikely to accurately represent highly spatially heterogeneous land cover and/or to accurately simulate flows at fine time steps. Second, DHSVM can provide a full set of input data to the reservoir module, which allows the module to accurately represent all of the attributes involved in the operations (e.g., flood control, evaporation from reservoir, sedimentation, and (future) water temperature).
Model integration
The point reservoir module is integrated into the DHSVM routing scheme to represent reservoirs at their real locations (instead of lumping them together at basin/subbasin outlets). Meanwhile, multiple reservoirs can be simulated simultaneously as part of the channel routing process. In the latest version of DHSVM, the river channels are represented by connected river segments, and the routing is executed according to the order of the segments. However, by adding the point reservoirs, the connected segments (where the dams are located) are divided into upstream and downstream sections. To represent the reservoir regulation effects, DHSVM was modified as follows: (1) If the routed flow reaches a segment where a point reservoir is located, the reservoir receives inflow from the upstream section. (2) Reservoir storage and release at the current time step is then determined according to the operation rules, previous storage values, evaporation, release amounts, and sedimentation rates ( Fig. 2 , Eq. 6 ). In addition, the reservoir module examines the streamflow from the downstream controlled river segments and then modifies the release scheme accordingly. (3) Released water enters the routing network at the downstream section. After computing the reservoir release amounts, downstream water users can extract water from specified downstream river segments. This is implemented by specifying the locations (i.e., the given river segments) and amounts of extracted water in the module. Similar to the reservoir water demand data, water extraction data can also be input as time-series or empirical monthly values at the segments of interest. Extracted water can be used for multiple purposes including agricultural, municipal, industrial, and others. In the current module version, nonpoint return flow is not accounted for, and only consumptive use is extracted. However, point return flow may enter the river network at any location (either the same as the extraction location, or somewhere else). For instance, a drinking water treatment plant (water user) and a wastewater treatment plant (water contributor) could both be simulated in the module. In this application, the water demand is prescribed and it has combined the information such as consumptive use, irrigation technologies, and delivery efficiencies. Return flow, and groundwater dynamics associated with pumping, will need to be developed during future work. Implicit return flow and groundwater components are currently being developed within certain existing water management (WM) models . A future 2-way coupling between the WM and hydrology models would explicitly address i) the redistribution of withdrawn water onto crop covered grid cells as an additional forcing, and ii) groundwater dynamics when WM is coupled to models (like DHSVM) with water table dynamics and lateral flow.
The integrated model can be executed on any Linux/Unix system with a C language compiler. Due to the high spatiotemporal resolution of DHSVM, significant computational capability is needed to run this integrated model (even though the reservoir module only adds to the running time slightly). However, users can reduce the modeling time by dividing the study sites into multiple parts. Thus, even though the integrated model is better when used at a watershed scale (due to computational expense), it can also be employed at a basin scale by dividing the basin into multiple watersheds (sub-basins) which can be simulated simultaneously using high performance computing capabilities ( Zhao et al., 2016 ) .
Integrated model application: case study over the Lake Whitney watershed
Study area
The Lake Whitney watershed ( Fig. 3 ) is located in the middle of the Brazos River Basin, which is the second largest river basin in Texas. The total area of the Lake Whitney watershed is 5290 km 2 , and its elevation ranges from 125 to 454 m. Besides Lake Whitney (a USACE reservoir with a capacity of 2.59 × 10 9 m 3 ), there are three other lakes/reservoirs in this watershed -Squaw Creek reservoir, Lake Pat Cleburne, and Aquilla Lake. The main purpose of the Squaw Creek reservoir (with a capacity of 1.87 × 10 8 m 3 , about 7% the size of Lake Whitney) is to provide cooling water for the Comanche Peak Nuclear Power Plant. Lake Pat Cleburne (with a capacity of 3.21 × 10 7 m 3 , which is about 1% the size of Lake Whitney) is owned and managed by the City of Cleburne (population 29,377 in 2010) to provide water for municipal uses. Aquilla Lake (with a capacity of 2.64 × 10 8 m 3 , about 10% the size of Lake Whitney) is also managed by the USACE as a part of the Brazos River Basin flood control project. Compared to Lake Whitney, storage variations over the Squaw Creek reservoir and Lake Pat Cleburne are so small that their alteration of the streamflow can be ignored. Therefore in this study, we chose to focus on modeling Lake Whitney and Aquilla Lake.
As the largest of all 28 reservoirs (by storage capacity) in the Brazos River Basin, Lake Whitney ( Fig. 3 ) plays an essential role in water resources management in central Texas. Whitney Dam was constructed during the period from May 1947 to April 1951, followed by deliberate impoundment. The main purpose of this reservoir is to prevent the flooding of downstream areas. It is also used for hydropower generation, municipal and industrial water supply, and recreation.
Since the construction of the Lake Whitney Dam, the natural streamflow in the downstream areas of the Brazos River has been altered significantly ( Fig. 4 ) . After the impoundment, downstream averaged monthly maximum flow decreased from 213.79 m 3 /s (USGS Gauge 08093100, from October 1938 to November 1951) to 108.74 m 3 /s (from January 1954 to December 2014). The presence of Lake Whitney has significantly reduced the downstream flood risk. The only exception occurred in May 1957, when southern and central Texas experienced catastrophic floods. And even though Lake Whitney was forced to release more water because its flood pool was full, it prevented the downstream area from suffering more severe flood damage. Fig. 4 also shows that-even on a monthly scale-the precipitation variability is still quite large, which adds to the necessity of efficient reservoir operations. Meanwhile, the annual evaporation of Lake Whitney is about 2.47 × 10 8 m 3 , which is about one-third of the conservation pool volume.
Aquilla Lake is a relatively small lake in the Lake Whitney watershed. It was impounded deliberately in April 1983, shortly after the construction of the Aquilla Lake Dam (from March 1982 to January 1983). It is part of the flood control project in the Brazos River Basin. Besides flood control, other purposes of Aquilla Lake include water supply and recreation.
Historically, Lake Whitney and Aquilla Lake have significantly contributed to water resources management in this region. However, under the impacts of future climate change (such as extreme events), there is an increasing concern about the resilience of these lakes in terms of flood control, water supply, and hydropower generation. In addition, the operation rules-which were made based on an assumption of historical stationarity -need more quantitative evaluation and are subject to change ( Milly et al., 2008 ) . The investigation of non-stationarity (of a non-linear nature) in integrated natural and human systems to support adaptations was the overall motivation for the development of this integrated model. Therefore, we use the modeling results and analysis over Lake Whitney to answer some important water management questions, such as: 1) How will climate change induced extreme events affect the current water management practices and hydropower generation? 2) Is there a need for adapting current operation rules to a changing climate, and (if so) how to go about this? Furthermore, an integrated model such as this will help us to better evaluate the need for constructing more reservoirs in a given river basin (for increasing water availability)-or, conversely, for removing outdated reservoirs in an attempt to restore the natural ecosystem.
Model input data
Inputs for the integrated model include three categorieshydrologic parameters, reservoir configurations, and meteorological forcings-as described below.
Hydrologic parameters
Hydrologic parameters include elevation, soil, and vegetation characteristics. The DEM was obtained from the Shuttle Radar Topography Mission (SRTM) ( Jarvis et al., 2008 ) and was resampled to 200 m (i.e. to the DHSVM model resolution). Flow directions, basin mask, soil depth, and stream network were generated from the DEM using Arcinfo Workstation tools. The land-cover map was downloaded from the National Land Cover Database (NLCD) Multi-Resolution Land Characteristics Consortium (MRLC) website ( http://www.mrlc.gov/ ). Because there was little LCLUC in the Lake Whitney watershed during the past several decades, NLCD 2001 ( Homer et al., 2007 ) was used for the entire simulation period. In the Lake Whitney watershed, the main land-cover type is native grass, which accounts for 55% of the entire area. The rest of the watershed is covered by conifer forest (15%), mixed/deciduous forest (10%), urban area (8%), and other land cover types (12%). Soil texture information was acquired from the STATSGO2 database ( Soil Survey Staff, 2016 ). The dominant soil type is clay loam (47%), followed by clay (25%), and sandy loam (19%). 
Reservoir configurations
Reservoir storage, elevation, and surface area data were obtained from the Texas Water Development Board (TWDB) to derive the rating curves for Lake Whitney and Aquilla Lake. The coefficients in Eqs. 1 and 2 were estimated through regression. For Lake Whitney, the coefficients of determination (R 2 ) for these two relationships are 0.999 and 0.995, respectively ( Fig. 5 a) . The corresponding R 2 values for Aquilla Lake are 0.998 and 0.996, respectively ( Fig. 5 b) .
For both reservoirs, the pertinent operational data were acquired from the USACE. The Lake Whitney storage capacity (2.59 × 10 9 m 3 ) was divided into the surcharge pool (1.11 × 10 6 m 3 ), the flood control pool (1.69 × 10 9 m 3 ), the conservation pool (7.68 × 10 8 m 3 ), and the inactive pool (5.27 × 10 6 m 3 ) ( Table 1 ) . The lake surface area is 95.34 km 2 when its water level is at the top of the conservation pool. The dam has a power generation rate of 30,0 0 0 KW/hr at capacity, and its average annual power production (from 1953 to 2005) is 73 million kilowatt-hours ( TWDB, 2006 ) . In addition to reservoir water level, flows at downstream control points are examined at each time step to decide whether water should be released (after Eq. 4 ). For Lake Whitney, two downstream control points are designated by the USACE. Among these two, Control Point 1 (located at the confluence of the Brazos River and the Bosque River, as shown in Fig. 3 ) is closest to the reservoir and has the minimum capacity of channel streamflow (amongst the two) of 708 m 3 /s. Control Point 2, National Weather Service (NWS) Gauge WBAT2, is located 64 km downstream of the reservoir and has a minimum channel streamflow capacity of 1700 m 3 /s. Control Point 1 was selected as our outlet to represent downstream flow-control operations. This is based on the historical experience that a full load at Control Point 1 (708 m 3 /s) tends to occur more often, in which case the release from Lake Whitney will shut down long before Control Point 2 reaches its capacity. In fact, the flows at Control Point 2 have always been much less than its capacity threshold over the past 50 years (with a maximum value of 1215.60 m 3 /s occurring on May 17, 1965) . With respect to sedimentation, the survey conducted by the TWDB in June 2005 suggests that the conservation volume of Lake Whitney has decreased by 11.6% during the past 50 years (with the sedimentation rate being about 1.91 × 10 6 m 3 /yr) ( TWDB, 2006 ). Aquilla Lake has a capacity of 2.64 × 10 8 m 3 , including the surcharge pool (8.35 × 10 7 m 3 ), the flood control pool (1.15 × 10 8 m 3 ), the conservation pool (6.35 × 10 7 m 3 ), and the inactive pool (1.15 × 10 6 m 3 ) ( Table 1 ) . To reduce the downstream flood risk, outflow from Aquilla Lake is controlled to under 85 m 3 /s. The sedimentation rate of Aquilla Lake is approximately 1.91 × 10 5 m 3 /yr ( TWDB, 2009 ).
Meteorological forcings
The Long-Term Hydrologically Based Dataset (1915-2011) ( Livneh et al., 2013 ; was used to drive the integrated model. This data set covers the CONUS at 1/16 °spatial resolution. The daily data set contains four meteorological variables: precipitation, maximum temperature, minimum temperature, and wind speed. The same approach from Livneh et al., (2013 ) was employed to obtain the other meteorological inputs for DHSVM (i.e., relative humidity, incoming shortwave radiation, and incoming longwave radiation). Specifically, the 1/16 °resolution forcings were downscaled to the modeling resolution (i.e., 200 m) using the Cressman interpolation method in DHSVM ( Wigmosta et al., 1994 ) .
Results and discussions
Calibration and validation results
Two sets of parameters need to be calibrated: soil and vegetation parameters associated with the original DHSVM model, and reservoir parameters for the reservoir module. Because inflows into the two reservoirs are not regulated, the soil and vegetation parameters for the watershed were calibrated against inflow observations made by the USACE Fort Worth District ( http://www.swf-wc. usace.army.mil/ ). The calibrated soil parameters include hydraulic conductivity, maximum infiltration rate, and porosity. Vegetation parameters include the Leaf Area Index, the canopy attenuation coefficient, and the maximum/minimum stomatal resistance. The reservoir module parameters are the discharge coefficient and the flood inflow threshold. Because water-demand data by category (e.g., municipal, hydropower) are not completely available for both reservoirs, the empirical monthly water demand for each reservoir was calibrated and then evenly partitioned into daily demand in this case study. The relative bias, R 2 , and the NSE between the daily observations and the modeled results were used as the objective functions. These statistical variables were also used to validate the model performance.
For Lake Whitney, the model was calibrated from January 1, 2001 to December 31, 2011 and validated from December 10, 1951 (impoundment) to December 31, 20 0 0. Fig. 6 suggests that the integrated model was able to reconstruct observed flow and storage variations reasonably well, including the impoundment in the 1950s and the change of conservation level in the 1960s. Both the R 2 and NSE values in Table 2 indicate that the model performed robustly at the multi-decadal scale. For reservoir elevation and release at Lake Whitney, the weekly R 2 values were 0.87 and 0.82, while the weekly NSE values were 0.73 and 0.81. With regard to downstream flows, the respective weekly R 2 and NSE values for USGS Gauge 08093100 were 0.82 and 0.81.
According to USACE records, the conservation pool of Lake Whitney has been adjusted three times in history. In March 1968, its elevation (blue dashed line in Fig. 6 b) was raised from 158.50 m to 159.11 m, which later increased to 159.41 m in March 1969. In May 1972, it was raised to its current level (i.e., 162.46 m). The effects of this conservation pool adjustment on reservoir water level can be clearly observed in Fig. 6 b.
Simulated hydropower generation results (for Lake Whitney) were also validated by comparing them with US Energy Information Administration (EIA) hydropower net generation data ( http: //www.eia.gov/electricity/; Fig. 6 d) . The R 2 value, which is equal to 0.80, shows good correlation. The disparity is partially due to the adoption of monthly averaged hydropower water releases in the case study, when in reality this varies on a daily basis. This can be improved by considering the sub-daily, daily, and weekly hydropower demand and scheduling in the future study (which would require further sub-daily hydropower generation data, and a more in-depth hydropower module). Nevertheless, long-term generation characteristics can be captured through the current integrated modeling approach. Because the Aquilla Lake Dam was built in 1983, the calibration and validation were conducted from 2008 to 2011 and from 1983 to 2007, respectively ( Fig. 7 ) . The R 2 values for storage and release were 0.83 and 0.70, and the weekly NSE values were 0.77 and 0.51. The daily R 2 and NSE values were lower than the weekly and monthly values because water supply data for calibrating the monthly demand were not available for this reservoir.
Effects of Lake Whitney on peak and low flows
The effect of reservoirs in mitigating flood peaks was also explored by comparing the simulated inflows and releases for Lake Whitney. Because point reservoirs were used in the integrated model, the inflow to a given reservoir can be roughly regarded as the unregulated/naturalized outflow without the reservoir. Thus, differences between inflows ( Fig. 6 a) and releases ( Fig. 6 c) reflect the influence of Lake Whitney on flow regulation. Here we use statistical analysis of the simulated peak flows and low flows during the period of 1953 to 2011 to explain the impact of reservoir regulation. The averaged monthly maximum streamflow is 76 m 3 /s with Lake Whitney regulation included, while the value is two times larger (235 m 3 /s) when only considering natural flow. In contrast, the low flow -represented by the lowest 7-day average flow that occurs (on average) once every 10 years (7Q10) -is 0.45 m 3 /s with the reservoir, and 0.37 m 3 /s without the reservoir. These results clearly show the capability of Lake Whitney in mitigating both floods and droughts.
In this study, we chose the flow from 1980 to 1985 as a representative to illustrate the reservoir impacts ( Fig. 8 ) . Using the flood event in October 1981 as an example ( Fig. 8 b) , maximum inflow was 1471 m 3 /s in the week of October 14. If this streamflow had been directly routed downstream with no reservoir, a huge flood event would have occurred because the downstream channel capacity would have been exceeded by about 700 m 3 /s. With flood control at Lake Whitney, the release was reduced to 708 m 3 /s.
As compared to peak flows-which are mainly affected by dam operations-low flows are primarily driven by downstream water users. As explained in Section 2.2.2 , model users have several options for incorporating information about water demand. In the case of Lake Whitney, hydropower water use is dominant. Thus, the released low flow mainly depends on hydropower water demand. We selected the low flow event that occurred from 1982 to 1984 as an example to show the impacts of reservoir operation on low flows ( Fig. 8 c) . Compared with naturalized flow (inflow), the release shows significantly improved stability which increases the water supply reliability at the study site.
Thus, with the new module, the major added value is the reservoir storage simulation, which incorporates water use and reservoir operations. Without the reservoir module, it can be very difficult to assess water availability and flood risks. Along with better simulated streamflow, the integrated DHSVM can now be used in watersheds that have flow regulation activities. In addition, the integrated model provides the important capability of simulating detailed hydrology and water management practices simultaneously. This characteristic can be used for further exploration of the interdependence of these two systems.
Model parameter sensitivity analysis
The integrated modeling framework provides a unique benefit for conducting comprehensive sensitivity tests of the reservoir parameters (which represent the operation rules). Given the same hydrologic conditions, the effects of flow regulation depend on the selection of the reservoir parameters. Insufficient water storage will plague the reservoir ecosystem, hydropower, and recreation, while excessive amounts of water in a reservoir will increase the risk of dam fracturing and downstream flooding. Thus, in this study, a series of parameter sensitivity analyses were conducted for reservoir storage and downstream flows. In addition, the sensitivity analyses also help to quantify the uncertainties associated with the module parameters. We demonstrate the results from Lake Whitney, which has a much larger socio-economic and environmental impact than Aquilla Lake. Among all reservoir parameters (as listed in Appendix A), reservoir storage and release are the most sensitive to the following four inputs in our current model configuration: monthly hydropower water demand (MHWD; the amount of water that needs to be released to the turbines in order to provide hydropower), flood inflow threshold (FIT; Q in f in Section 2.2.2 ) to determine if inflow is a flood inflow, conservation pool storage (CPS; S C in Eq. 4 ), and a discharge coefficient related to the dam structure (DC; r in Eq. 4 ). Fig. 9 shows the sensitivity test results of storage and release (peak, mean, and low) to these parameters. Analysis of the sensitivity of reservoir storage and release was performed by changing the calibrated value of these parameters by ± 10%, ± 20%,and ± 50%-except in the case of CPS, which was changed by the order of + 20% to −20%.
Results indicate that MHWD has a significant inverse correlation with storage. If MHWD is reduced by 50%, average storage will correspondingly increase by 3.9% ( Fig. 9 a, non-shaded area) .
However, because peak release is mostly affected by flood events while low release is influenced by environmental control flow, the impact of MHWD on release was insignificant in this study ( Fig. 9 a, shading area). FIT has a very small effect on both storage and release (a −50% change produces a 0.2% storage increase and a 0.3% release decrease, and a 50% change yields a 0.1% storage decrease and a 0.3% release increase; Fig. 9 b) . This is because in the integrated model-even though the use of the flood control pool depends on whether the inflow is greater than the FIT-real-time release values are only based on the current storage conditions. For instance, if the current water level is above the top of the conservation pool but-at the same time-the simulated inflow is less than the IT, the reservoir will still need to release water quickly in order to drop the water level. Our analyses suggest that CPS is the parameter that both the storage and release are most sensitive to ( Fig. 9 c) . A reduction of 20% CPS results in a 12.2% decrease in storage volume and a 12.6% increase in release. In contrast to the small effect on storage, the release is more sensitive to changes in model parameter values (as reflected by large variations of peak, mean, and low outflows). Peak release turned out to be most sensitive to CPS; a 20% decrement of CPS resulted in a 14.44 m 3 /s (21.7%) increase of peak release. In contrast, a 20% decrement of CPS only reduced the low release by 0.37 m 3 /s (2.5%). This is because when CPS is reduced, more water is released during flood events. For DC, clear nonlinearity can be observed ( Fig. 9 d) . In the −20% to 50% range, there is little change in storage and release values. But when DC was decreased by −50%, reservoir storage volume dramatically increased and release volume dramatically decreased.
Sensitivity to precipitation and temperature changes
In addition to their sensitivity to model parameters (determined by operation rules), storage and release values are also sensitive to the meteorological forcings. Precipitation intensity can vary greatly over different spatial/temporal domains. Moreover, because of the impact of climate change and decadal oscillations such as the El The middle bar is the result using the calibrated parameter value. The box represents the results using the parameter when perturbed from −20% to + 20%. The whisker represents the results using the parameter perturbed from −50% (without dots) to + 50% (with dots). Peak/Low storage was calculated by averaging the monthly maximum/minimum storage. Low release flow was defined as the minimum 3-day streamflow, while peak release was calculated by averaging the monthly maximum release.
Niño Southern Oscillation (ENSO), variability of precipitation is very likely to increase ( Seager et al., 2005 ) . Such increased variability clearly aggravates the complexity of water resources management in reservoir systems ( Christensen et al., 2004; Gutierrez and Dracup, 2001; Milly et al., 2008 ) . According to the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report ( Stocker et al., 2013 ) , global temperature is projected to be 3.7 °C higher at the end of the 21st century globally than the 1986-2005 average under Representative Concentration Pathways 8.5. This increase of temperature will result in a higher evapotranspiration rate, which will subsequently affect other water budget terms. Therefore, it is necessary to evaluate how reservoir systems will respond to changes in precipitation and temperature. In this study, storage and release were examined for each season in terms of precipitation elasticity and temperature sensitivity. Precipitation elasticity of release ( ε P ( P, Q )), as defined in Eq. 7 , is commonly used to estimate how the streamflow will change based on changes of precipitation ( Sankarasubramanian et al., 2001; Schaake, 1990 ) . To evaluate the effect of precipitation on storage, we defined the precipitation elasticity of storage, ε P ( P, S ) ( Eq. 8 ). Similarly, temperature sensitivity of release ( Nash and Gleick, 1991 ) , S T ( P, Q ), and temperature sensitivity of storage, S T ( P, S ), were defined in Eqs. 9 and 10 , respectively. Here, the unit for Q and P is m 3 /s and mm/day, while the unit for T is °C.
Results from Fig. 10 a-b indicate that both ε P ( P, Q ) and ε P ( P, S ) will increase as precipitation increases. The range varies from 0.09 to 0.19 for storage and 0.66 to 1.68 for release. However, the precipitation elasticity is not always linearly correlated with the percentage of change in precipitation. For example, ε P ( P, S ) keeps increasing from a −30% to a 10% change in precipitation, but then remains constant from 10% to 30%. The increase in ε P ( P, Q ) indicates that an additional unit increase of precipitation will result in a larger increase of release. Eventually, the rise in inflow will cause the water level in the reservoir system to rise. However, because the optimal water level is defined by the CPS, reservoir managers need to release the excess water as soon as practical. This leads to limited growth of ε P ( P, S ) when P / P increases from 10% to 30%. There is also a clear distinction among seasons, where winter-spring (DJF-MAM) tends to have larger values than summer-fall (JJA-SON). This can be explained by the higher evapotranspiration resulting from higher temperatures in the summer and fall seasons. The trend in temperature sensitivity is similar to that of precipitation elasticity, except that the values are all negative ( Fig. 10 c, d ). For the same amount of precipitation, higher temperature will lead to a larger evapotranspiration rate, which results in less runoff. The positive trend of the temperature sensitivity indicates that an additional unit increase of temperature will result in a smaller decrease of release. Regarding seasonality, temperature sensitivity behaves differently from precipitation elasticity. Compared to springsummer (MAM-JJA), fall-winter (SON-DJF) has lower absolute S T ( P, Q ) and S T ( P, S ) values. This is because, in Texas, fall-winter (the cold season) is more water limited, which results in a smaller increase in ET than during spring-summer.
Conclusions
Due to the spatial heterogeneity and temporal variation of hydrological variables, it is impossible to provide constantly reliable and riskless water supply from unimpounded river flow. To increase the reliability and water-use flexibility, numerous reservoirs have been constructed around the world. Under the impacts of overwhelming environmental changes, how to best manage our water resources in a sustainable manner is a growing concern. However, robust estimation of future water availability is still facing great challenges because of the difficulties involved with link- ing natural hydrological processes and reservoir operations. Therefore, in this study, a new reservoir module was incorporated into DHSVM to close this gap. The integrated modeling framework sets a base for improving the hyper-resolution representation of interdependent natural -human systems, and for supporting adaptation under non-stationary conditions. By conducting a case study using this integrated model, we have shown several outcomes:
• The model calibration and validation results (as shown in Figs. 6 and 7 ) suggest that the integrated model is able to capture the reservoir release and storage variations at a sub-monthly level. By adding reservoirs into DHSVM, the downstream flow values can be simulated more accurately.
• Reservoirs play an important role in streamflow regulation, especially with regard to flood control practices. After being rerouted by Lake Whitney, the upstream peak flows can almost always be controlled to under the downstream channel capacity.
• Our results have shown that both storage and release values are sensitive to several parameters-but especially to conservation pool storage. For Lake Whitney, conservation pool storage (which is a parameter that both storage and release values are sensitive to) has been changed several times in the 1960s to meet water management needs.
• Precipitation elasticity and temperature sensitivity of release and storage have been quantified. The precipitation elasticity of both release and storage increases when precipitation increases, but the scale varies by season. The temperature sensitivity of release and storage also shows a positive trend (in both cases), but the values are negative. These results can be beneficial for future flood and drought risk mitigation, which is important for a semi-arid climate watershed.
Even though the case study was carried out over USACE reservoirs, the integrated model is applicable for other reservoirs because most water management agencies use similar pool configurations. Model users can always tailor the settings to their own needs. For example, some reservoirs may not be used for flood control. This can be addressed by assigning a value of zero to the flood control pool volume in the module. If the reservoir has very limited information about the pool configuration, the corresponding parameter can also be obtained by calibration. This integrated model can also be coupled with optimization algorithms to improve the existing operation rules. Because the impoundment phase can be captured by the reservoir module, new reservoir design and operation rules can also be evaluated using our model. In addition, the capability of simulating hydropower generation can be beneficial for future energy management under the impact of global environmental changes.
While this module performs well in reservoir simulations, it does have some limitations. First of all, it is not a fully distributed reservoir module. Even though it can be located within a userspecified river segment, it cannot calculate the water interactions between the lake and its surrounding area in a distributed manner. To address this, we used an empirical monthly parameter ( MSRR ) to represent the process (Appendix A). In addition, this module was not designed to calculate daily hydropower water demand, which can be extremely complicated due to the highly variable electric energy consumption. Instead, it only uses a monthly value to represent the overall release for hydropower. Our primary objective was to integrate a reservoir module that can provide accurate sub-monthly storage and release values. Therefore, we expect that the integrated model can provide a platform that will contribute to water availability estimation at the watershed scale by including natural-human system interactions. Furthermore, it can be used to investigate the effects of climate change on water release (and possible adaptation strategies, such as changes in operation rules, or by including a new reservoir) in terms of reservoir management practices.
